The evolution and maintenance of gynodioecy is explored theoretically at the ramet level in models that allow for differences between females and hermaphrodites in vegetative components of fitness as well as in sexual components.
The evolution and maintenance of gynodioecy is explored theoretically at the ramet level in models that allow for differences between females and hermaphrodites in vegetative components of fitness as well as in sexual components.
For nuclear control of male sterility, it is shown that females may be maintained by selection in an otherwise hermaphrodite population through advantages over hermaphrodites in vegetative fitness components, even if there is no sex difference in maternal fitness components. The advantage required depends on the importance of vegetative reproduction. If females produce more daughter ramets than ovule offspring, the advantage in vegetative fitness components required to maintain females is numerically smaller than the well-known requirement of a two-fold advantage in maternal fitness components.
Three further findings in the nuclear models are that (a) with some parameter combinations, females attain frequencies of higher than O•5, in which case their equilibrium frequency decreases rather than increases with increasing female advantage in seed fecundity; (b) the advantage in adult survivability required to maintain a given equilibrium frequency of females becomes smaller with increasing reliance on vegetative reproduction; and (c) the rate of approach to equilibrium is inversely proportional to the level of vegetative reproduction in the population as a whole.
If male sterility is determined solely by cytoplasmic factors, females should be maintained if they have any advantage in vegetative reproduction over hermaphrodites, given that maternal fitness components are equal in the two sexes.
For nuclear-cytoplasmic control, it is shown that the premise that a joint polymorphism for cytoplasmic male sterility and nuclear fertility restoration should not be maintained in the absence of differences in fitness between sex genotypes of the same sex phenotype (Charlesworth and Ganders, 1979) may be generalised to situations where sex differences in vegetative reproduction occur.
The significance of vegetative reproduction in population genetic studies in general is briefly discussed.
INTRODUCTION
The conditions required for a female (male sterile) mutant to increase in frequency in an otherwise hermaphrodite population, and for the maintenance of a stable gynodioecious polymorphism, have been studied theoretically by several authors. These studies have shown that the conditions for polymorphism depend on the mode of inheritance of male sterility. With nuclear control of male sterility, females may be maintained in the population if they produce more than twice as many ovule offspring at reproductive maturity as hermaphro-
and Van Delden, 1982; Van Damme, 1983) , the maintenance of a joint polymorphism for cytoplasmic male sterility and nuclear fertility restoration requires that the nuclear restorer allele reduces the fitness of its carriers (Charlesworth and Ganders, 1979; Charlesworth, 1981; Delannay, Gouyon and Valdeyron, 1981; Gouyon and Couvet, 1985) ; see Gouyon and Couvet (1985) and Ross and Gregorius (1985) for further models of nuclearcytoplasmic inheritance. The unit of study in all models of gynodioecy to date has implicitly been the genet (genetic individual). However, models at the level of the ramet (physiological individual) may be of more general applicability. Ramet models enable vegetative components of fitness to be studied as well as sexual components. They reduce to give the same equilibrium equations as the corresponding genet models when there is no sex difference in vegetative reproduction, but even then vegetative reproduction per se has important consequences for gynodioecy, as discussed below.
In this paper, we explore the evolution and maintenance of gynodioecy in a population of sexually and vegetatively reproducing ramets for nuclear, cytoplasmic and nuclear-cytoplasmic control of male sterility. We use phenotypic and genetic models that are adaptations of the deterministic models developed by Lewis (1941 ), Lloyd (1975 , Charlesworth and Charlesworth (1978) , and Charlesworth and Ganders (1979) , for genets.
The models assume that there is no variation in fitness between sex genotypes of the same sex phenotype. The models for nuclear inheritance and cytoplasmic inheritance allow for overlapping generations and sex differences in adult survival rates in the manner of the model of Van Damme and Van Damme (1986) . Phenotypic models for nuclear inheritance are applicable to a wide range of systems of disomic inheritance, including dominant and recessive male sterility and multifactonal control (Lloyd, 1977) ; situations in which these models are not appropriate are discussed by Lloyd (1977) and Van Damme and Van Damme (1986). rate of females relative to that of hermaphrodites being D = (1 -SF)/( -SH). In any one reproductive season, female ramets producef times as many seeds as hermaphrodite ramets produce. The selfing rate of hermaphrodites is s, and the inbreeding depression (one minus the ratio of self to outcross offspring fitness) is d. For simplicity, inbreeding depression is assumed to affect only offspring quality and not seed quantity. Also in each season, hermaphrodites produce v times as many daughter ramets as they potentially produce ovule offspring when none are lost through inbreeding depression (s = 0 and/or d = 0), and (unless v = 0) females produce r times as many daughter ramets as hermaphrodites produce. The ovule offspring and daughter ramets are counted at reproductive maturity, so the parameters v and r account for variation in the qualities of the vegetative propagules as well as in their quantities. The population should reach a stable equilibrium, which is maintained by frequency-dependent selection (Ross and Shaw, 1971; Lloyd, 1974b Lloyd, , 1975 , when the average fitnesses of females and hermaphrodites are equal (Lloyd, 1977) , i.e., when f+2rv2(1 -sd)+fp/(1 -p)+2v 1-Sr
1SH
To find the equilibrium frequency of female ramets, we solve for p and find
Let p be the proportion of female ramets in a gynodioecious population. A proportion SF of female ramets in this population survive to reproduce in the subsequent reproductive season compared with SH of hermaphrodite ramets, the death This equation generalises those of Lewis (1941) , Lloyd (1975) , Charlesworth and Charlesworth (1978) , and Van Damme and Van Damme (1986) , to situations in which vegetative as well as sexual reproduction occurs and the population frequencies of ramets rather than genets are considered. Three main points may be made about equation (2) .
Consider first the maintenance of a gynodioecious polymorphism at the ramet level by sex differences in vegetative reproduction (r). If females and hermaphrodites differ in only this respect (f= D = 1, sd = 0), equation (2) In fact, the inequality r> 1 + 1/2v should be satisfied. With equal daughter ramet and ovule offspring production by hermaphrodites (v =1), for example, females should be maintained if they produce more than 15 times as many daughter Damme, 1986) . Consider now the effect of vegetative reproduction per se, i.e., no sex difference (r= 1), on the maintenance of gynodioecy by female advantage in each of the two fitness characters studied by previous authors: ovule offspring production and adult survivability. To consider the former character alone, set D = 1 (equal survivability), and find that v drops out of equation (2), which therefore reduces to p=(f-2(1-sd))/(2f-2(1-sd)), the familiar equation of Lloyd (1975) and Charlesworth and Charlesworth (1978) . Vegetative reproduction in itself therefore has no effect on the advantage in ovule offspring production required by females for their maintenance at a given equilibrium frequency. In contrast, the advantage in adult survivability required to maintain females is affected by the extent of vegetative reproduction.
Setting f= 1 and sd =0 (equal ovule offspring production), equation (2) It is clear that smaller sex differences in survivability are required to maintain a given equilibrium frequency of females as vegetative reproduction becomes increasingly important. The third point to be made about equation (2) is that, with certain parameter combinations, the equilibrium frequency of female ramets may remain constant, or even decrease, with increasing female advantage in seed fecundity. This is shown in fig. 3 for the case when there are no sex differences in adult survivability (D = 1) or ovule offspring fitness (Sd = 0). In this case, if the genetic contribution of females to the next generation through ramet production (2rv) equals the sum of the contributions of hermaphrodites through ovule offspring and ramet production (2+2v), then equation (1) reduces tof=fp/(1 -p), implying an equilibrium frequency of 05 regardless of the value of f This is because, at the equilibrium frequency, females and hermaphrodites make equal genetic contributions through the ovule offspring of females. Moreover, if females contribute more through daughter ramets than this (rv> 1 + v), the equilibrium frequency of females is always more than 05, and it decreases with We now turn to the effect of vegetative reproduction on the rate of attainment of equilibrium, rather than on the equilibrium frequency of females itself. This was investigated in computer simulations of the number of generations for the frequency of females to rise from 001 to just below the equilibrium frequency (p -0.001) using several combinations off, s, d and v. It was assumed that generations were non-overlapping (SH = SF = 0), that the two sexes produced equal numbers of daughter ramets (r = 1), that all parameters remained constant during a simulation (e.g., females fully fertilised sof constant), and that sex expression was under single gene control with male sterility either completely dominant or recessive.
Some of the results are shown in table 1, where the number of generations taken to complete each simulation is compared with a mean index of vegetative reproduction in the population as a whole (j5*) This index was derived as follows. During the transition between any pair of generations, the relative importance of vegetative as opposed to sexual reproduction is given by the ratio of the number of daughter ramets to ovule offspring produced by the earlier generation, i.e.,
where p is the female frequency in the earlier of the two generations. The mean index over the N generations of a simulation as a whole (L3*) is also given by this equation, substituting p, the mean female frequency in generations 0 to N -1, for p.
The main conclusion to be drawn from table 1 is that, for dominant and recessive male sterility separately, the rate of attainment of equilibrium is inversely proportional to the mean index of vegetative reproduction in the whole population (15*). In other words, for each equilibrium frequency x mode of allelic action combination in table 1, N and j5* are perfectly correlated (apart from rounding errors). Changes in sex frequency are partially impeded by vegetative reproduction because the ramets in any particular generation that are derived vegetatively from the preceding generation have the same sex frequencies as the earlier generation. The situation is analagous to the well-known retarding effect of asexual reproduction on the approach to Hardy-Weinberg equilibrium (see Crow and Kimura, 1970, pp. 38-39) .
It is worth noting in passing that, in addition to vegetative reproduction, several other factors that leave the equilibrium frequency of females unaltered have an effect on the rate of attainment of equilibrium. For example, it is apparent from table 1 that equivalent simulations are completed much more quickly when male sterility is dominant than when it is recessive, and further simulations showed that, for recessive male sterility only, the selfing rate influences the number of generations required to reach equilibrium. Moreover, overlapping generations, without sex differences in survivability, should slow down the approach to equilibrium in a similar manner to vegetative reproduction, as is the case with the Hardy-Weinberg equilibrium (see Moran, 1962, pp. 23-24) . We now wish to incorporate p into equation (5), so that the effects of the fitness parameters on the equilibrium frequency of females may be analysed. The usual way of doing this is to partition the seed fecundity parameter f into two components-ovule production (o) and fertilisation rate (e)-each of which may be expressed as a female:hermaphrodite ratio, and then to specify a function of p for e. Two frequency-dependent functions have been proposed for e, one by Lloyd (1974a Lloyd ( , 1975 and the other by Charlesworth and Ganders (1979) and Charlesworth (1981) .
However, neither function allows for such fundamental complexities of pollination ecology as nonrandom pollinator movements and pollen carryover. More elaborate functions that overcome some of these restrictive assumptions can be formulated, but the equilibrium equations become complex and must be simplified by approximating procedures (D. P. Stevens, unpublished) . For the present purposes, it is sufficient to note that, assuming e is a negative function of p, and that e tends to 1 as p approaches 0, females should be maintained in the population if
Females should therefore be maintained if they have any net advantage over hermaphrodites in ovule production, ovule offspring fitness, vegetative reproduction and survivability.
Nuclear-c ytoplasmic inheritance
Gynodioecy with cytoplasmic control of male sterility may rapidly evolve to nuclear-cytoplasmic control through selection favouring nuclear fertility restoring mutations (Cosmides and Tooby, 1981) . The type of nuclear-cytoplasmic inheritance in which cytoplasmic male sterility factors interact with nuclear restorer genes is therefore a particularly appropriate one for theoretical study. This form of inheritance was first modelled with sex differences in fitness parameters by Charlesworth and Ganders (1979) , who showed that a joint polymorphism for cytoplasmic male sterility and nuclear fertility restoration should not be maintained under the assumption that genotypes of the same sex phenotype are equally fit.
Using Charlesworth and Ganders' equations, with additional terms to represent vegetative components of fitness, it is easy to show that their conclusion also applies to situations in which sex differences in vegetative reproduction occur. The reason for this is as follows.
Consider first the maintenance at equilibrium of the cytoplasmic polymorphism. This requires equal transmission of male fertile and male sterile cytoplasms between generations. Under the constraint of uniform fitness within each sex phenotype, equilibrium can only be maintained when the cytoplasmic contributions of the two sexes are equal, i.e., f+ rv = 1 -sd + v (the case of equation (5) Now consider the maintenance of the polymorphism at the nuclear restorer locus. With either recessive or dominant fertility restoration, the nonrestorer allele is at a selective disadvantage to the restorer allele, because the restorer is transmitted through both pollen and ovule whereas part of the paternal transmission of the non-restorer is cut off. A stable equilibrium requires that the two alleles have equal transmission rates. If hermaphrodites all have the same average fitness, the disadvantage to the non-restorer allele can only be balanced by a net female advantage in ovule offspring and ramet production, i.e., f+ rv> 1 -sd +v is necessary (albeit not sufficient).
The conditions required for the simultaneous maintenance of the cytoplasmic and nuclear polymorphisms are clearly contrary. Maintenance of the cytoplasmic polymorphism results in fixation of the nuclear restorer allele; maintenance of the nuclear polymorphism means fixation of the male sterile cytoplasm. We conclude that the occurrence of sex differences in vegetative reproduction in no way alters the conclusion of Charlesworth and Ganders (1979) as stated above. Only if the restorer allele reduces the fitness of its carriers can a joint polymorphism for cytoplasmic male-sterility and nuclear fertility restoration be maintained by selection, as discussed by Charlesworth (1981) and Gouyon and Couvet (1985) .
DISCUSSION
Vegetative reproduction and gynodioccy A partial reliance on vegetative reproduction is common in flowering plants in general (Abrahamson, 1980; Grant, 1981, p. 7; Silander, 1985; Richards, 1986, p. 371) . For example, 46 per cent of 260 or so common and widespread species in the British flora have a strong capacity for vegetative spread (Salisbury, 1942, p. 215) . Sexually dimorphic species are no exception. Indeed, Baker (1959) considered there to be an association between dioecy and self-incompatibility on the one hand and perenniality and vegetative reproduction on the other. Kay and Stevens (1986) discussed a number of dioecious and subdioecious species in the flora of the British Isles that rely heavily on vegetative reproduction, and several examples of vegetatively reproducing gynodioecious species are given in table 2. Lloyd (1973) Origanum vulgare rhizomes Lewis and Crowe (1956) , Kheyr-Pour (1980) Saxifraga granulata bulbils Stevens and Richards (1985) Silene vulgaris stolons Dulberger and Horovitz (1984) Succisa pratensis lateral buds Kay (1982) Vegetative reproduction per se has several important consequences for gynodioecy. One consequence concerns the nature of fitness differences between hermaphrodites and females. It has been shown above that the more important vegetative reproduction is in a gynodioecious species, the smaller the advantage in both vegetative reproduction and adult survivability required for a nuclear male sterility allele to spread in the population; in contrast, there is no effect on the required level of seed production. The fate of the mutant allele will therefore depend on the way in which its pleiotropic effect compensates for the male sterility. For example, a compensatory increase in daughter ramet production should become more beneficial to females than a similar increase in ovule offspring production as vegetative reproduction becomes more important. Balanced against this advantage of vegetative reproduction, vegetative propagules may be more expensive in terms of energy and/or mineral nutrients to produce than seeds (e.g., Harmer and Lee, 1978) , although developing ramets may contribute to their own cost by photosynthesis and/or mineral absorbtion in some species (Sarukhán, 1976; Abrahamson, 1980; Lee and Harmer, 1980) . A second consequence of vegetative reproduction concerns the dynamics of the evolutionary conflict between nuclear and cytoplasmic genes (Eberhard, 1980; Cosmides and Tooby, 1981; Gouyon and Couvet, 1985) . It seems that as vegetative reproduction becomes increasingly prevalent at the expense of sexual reproduction, the transmission genetics of nuclear and cytoplasmic DNA becomes less disparate. In the extreme situation, where all reproduction is vegetative, both types of genetic material are transmitted in identical fashion, i.e., through daughter ramets, and the conflict disappears. The existence of the nuclear-cytoplasmic conflict clearly depends on the presence of sexual reproduction. A third consequence of vegetative reproduction for gynodioecy concerns the spatial distribution of sex types in natural populations. We wish to point out that a gynodioecious species with strong vegetative reproduction may show the same spatial distribution of sex types as a species with limited seed dispersal but without vegetative reproduction.
An example of the former occurs in Sax(fraga granulata, an example of the latter in Plantago lanceolata; in both species, patches of female plants surrounded by hermaphrodites have been found (Stevens and Richards, 1985; Van Damme, 1986 ).
Ramet models of gynodioecy For some gynodioecious species, the models presented in this paper are not really necessary. These include vegetatively reproducing species in which genets can be delimited by simple field observations, as well as species that have no means of vegetative spread. In many other vegetatively reproducing species, genets are much more cryptic than this and cannot be readily delimited; examples for sexually dimorphic species are given by Lewis and Crowe (1956) , Lloyd and Myall (1976) , Kheyr-Pour (1980) , Uno (1982b) and Stevens (in press) . In species such as these, special techniques may be used to recognise genets.
For example, careful comparisons of several phenotypic characters simultaneously may be made after cultivating transplanted ramets in a relatively uniform environment (Harberd, 1962 (Harberd, , 1967 Harberd and Owen, 1969; Smith, 1972; Dale and Elkington, 1984) . Alternatively, genets may be identified by genetic markers, such as multiallelic self-incompatibility loci (Harberd, 1961 (Harberd, , 1963 , enzyme loci (Wu, Bradshaw and Thurman, 1975; Gray, Parsell and Scott, 1979; Silander, 1979; Jeffries and Gottlieb, 1983) , and, potentially, restriction fragment length polymorphisms (see Helentjaris et a!., 1986) . However, these methods are time-consuming and, in some cases, costly, and have been used with no gynodioecious species to date. The ramet models provided in this paper therefore remain valuable for empirical studies of gynodioecy in many vegetatively reproducing species.
The models in this paper demonstrate the conditions under which it is feasible for gynodioecy to evolve and be maintained in a population of sexually and vegetatively reproducing ramets; only empirical studies can show whether females and hermaphrodites actually differ in sexual and/or vegetative fitness components. Several authors have compared sexual fitness components in sex types from gynodioecious populations (Connor, 1965; Assouad et al., 1978; Philipp, 1980; Webb, 1981; Van Damme and Van Delden, 1984) , and a few comparisons of vegetative fitness components have also been made (Lloyd, 1973; Webb and Lloyd, 1980; Stevens, in press). The three latter studies confirm that sex types in natural gynodioecious populations may indeed differ in vegetative reproduction.
Vegetative reproduction and population genetics A final, broader issue concerns the significance of vegetative reproduction in population genetics in general. It appears that, despite its widespread occurrence, many of the population genetical consequencies of vegetative reproduction are only recently beginning to be seriously explored (e.g., Ellstrand and Roose, 1987; Gliddon, Belhassen and Gouyon, 1987) . Possibly one reason for this is the insistence of the influential population ecologist Harper (1977, pp. 26-27 ) that the production of daughter ramets should always be regarded as a form of growth, never as a type of reproduction. We suggest that, for some purposes, it may be more informative to treat ramet production as a reproductive process. Only by doing this has the present paper enabled the genetical and evolutionary consequences of vegetative reproduction in gynodioecious species to be recognised.
